The rice Oryza sativa selenium-binding protein homologue (OsSBP) gene encodes a homologue of mammalian selenium-binding proteins, and it has been isolated as one of the genes induced by treating a plant with a cerebroside elicitor from rice blast fungus. The possible role of OsSBP in plant defense was evaluated by using a transgenic approach. Plants overexpressing OsSBP showed enhanced resistance to a virulent strain of rice blast fungus as well as to rice bacterial blight. The expression of defense-related genes and the accumulation of phytoalexin after infection by rice blast fungus were accelerated in the OsSBP overexpressors. A higher level of H 2 O 2 accumulation and reduced activity of such scavenging enzymes as ascorbate peroxidase and catalase were seen when the OsSBP-overexpressing plants were treated with the protein phosphatase 1 inhibitor, calyculin A. These results suggest that the upregulation of OsSBP expression conferred enhanced tolerance to different pathogens, possibly by increasing plant sensitivity to endogenous defense responses. Additionally, the OsSBP protein might have a role in modulating the defense mechanism to biotic stress in rice.
The rice Oryza sativa selenium-binding protein homologue (OsSBP) gene encodes a homologue of mammalian selenium-binding proteins, and it has been isolated as one of the genes induced by treating a plant with a cerebroside elicitor from rice blast fungus. The possible role of OsSBP in plant defense was evaluated by using a transgenic approach. Plants overexpressing OsSBP showed enhanced resistance to a virulent strain of rice blast fungus as well as to rice bacterial blight. The expression of defense-related genes and the accumulation of phytoalexin after infection by rice blast fungus were accelerated in the OsSBP overexpressors. A higher level of H 2 O 2 accumulation and reduced activity of such scavenging enzymes as ascorbate peroxidase and catalase were seen when the OsSBP-overexpressing plants were treated with the protein phosphatase 1 inhibitor, calyculin A. These results suggest that the upregulation of OsSBP expression conferred enhanced tolerance to different pathogens, possibly by increasing plant sensitivity to endogenous defense responses. Additionally, the OsSBP protein might have a role in modulating the defense mechanism to biotic stress in rice.
Key words: disease resistance; phytoalexin; pathogenesis-related (PR) gene; selenium-binding protein; transgenic rice A number of studies have been conducted during the past few decades to elucidate the mechanism for the plant host defense response. A plethora of defenserelated genes, whose products include receptor protein kinases, mitogen-activated protein (MAP) kinases, ion transporters, the NADPH oxidase complex, transcription factors, pathogenesis-related (PR) proteins, and phytoalexin biosynthetic enzymes have been isolated and characterized. Most research on the plant defense mechanism has been performed on experimentally tractable plant species such as tobacco and Arabidopsis. On the other hand, the genes contributing to disease resistance have been increasing in economically important species such as rice, barley, and wheat. 1) Only a dozen defense genes, including PBZ1, PR-1, -glucanase, chitinase, phenylalanine ammonia lyase, and HMG-CoA reductase, [2] [3] [4] [5] [6] [7] and a limited number of signaling components such as a small GTP-binding protein and MAP kinase [8] [9] [10] [11] have been isolated from rice and implicated as being involved in the host defense response.
To study pathogen defense in rice, transcripts that accumulated after treating rice with a cerebroside elicitor isolated from the rice blast fungus (Magnaporthe grisea) were analyzed, and we have previously reported the cloning of OsSBP (the Oryza sativa seleniumbinding protein homologue, AB059401). 12) Although several hypotheses about the function of mammalian SBP for detoxification have been made, 13, 14) the molecular mechanism for SBP remains unclear. Several SBP homologues in plants have been isolated, e.g., Physcomitrella patens 15) and Lotus japonicus, 16) but no studies have reported their possible role in plant defense. OsSBP mRNA transcription was increased in rice leaves inoculated with either avirulent or virulent types of rice blast fungus, as well as the cerebroside elicitor.
12)
OsSBP was also upregulated in response to treating with jasmonic acid (JA) and salicylic acid (SA), both of y To whom correspondence should be addressed. Fax: +81-743-72-5607; E-mail: ksawada@bs.aist-nara.ac.jp Abbreviations: PR, pathogenesis-related; OsSBP, Oryza sativa selenium-binding protein homologue; JA, jasmonic acid; SA, salicylic acid; DPI, diphenylene iodonium; HR, hypersensitive cell death; ROI, reactive oxygen intermediates; APX, ascorbate peroxidase; CAT, catalase; PCD, programmed cell death which play important roles as endogenous signaling molecules involved in pathogen resistance. 17) We have therefore speculated that OsSBP might play a role in the rice defense response.
In order to investigate the possible role of OsSBP in disease resistance in rice, we produced transgenic rice plants that expressed OsSBP cDNA in both the sense and antisense orientation. The OsSBP-overexpressing plants demonstrated increased resistance against a virulent race of rice blast fungus and rice bacterial blight (Xanthomonas oryzae pv. oryzae).
Materials and Methods
Plant materials. Rice (Oriza sativa L. cv. Kinmaze) cultivated in a growth chamber at 30 C under 16 h of light was used in all experiments.
Rice transformation. A full-length OsSBP cDNA fragment was inserted into the XbaI site of the Ti-based vector, pMSH2, in a sense-or antisense-orientation under the control of the CaMV 35S promoter (Figs. 1A and 1B). Agrobacterium-mediated transformation of rice cv. Kinmaze callus was performed as previously reported. 18) Transformed calli were selected by their hygromycin resistance, and plants were regenerated from transformed callus cultures.
Southern blot analyses. Genomic DNA was isolated from leaves by a DNeasy plant mini kit (Qiagen, Hilden, Germany) according to the supplier's protocol. Two micrograms of DNA were digested with XbaI, separated in a 0.8% agarose gel and transferred to a Hybond-N þ nylon membrane (Amersham, NJ, USA) by capillary transfer. Hybridization was carried out with a 32 Plabeled gene-specific probe by the standard procedure. 19) Northern blot analysis. To run the northern analysis, total RNA was extracted from leaves by an RNeasy plant mini kit (Qiagen) according to the supplier's protocol. Ten micrograms of total RNA was fractioned on 1.0% agarose gel containing 6% formaldehyde, and then transferred to a Hybond-N þ nylon membrane (Amersham) by capillary transfer. To analyze the expression of the PR gene, probes for PR-1 and PBZ1 were prepared from the rice total DNA by PCR, using the following primers:
0 . 2, 20) Hybridization was performed by the same procedure as that described for the southern blot analysis.
Inoculation of the blast fungus and bacterial blight. The rice blast fungus (virulent race 007, MAFF305471, National Institute of Agrobiological Sciences, Tsukuba, Japan) was grown on an oatmeal agar medium (30 g/l of oatmeal, 5 g/l of sucrose and 16 g/l of agar) at 22 C. or with a radiolabeled strand-specific riboprobe (E). WT, wild-type; S1, S2, S3, S4, S5, S6, S8, S15 and S16, independent transgenic rice plants with sense OsSBP; A1, A3, A9 and A10, independent transgenic rice plants with antisense OsSBP.
Fully expanded leaf blades were used for the inoculation which was performed on 2.0 mm diameter press-injured spots made with a specially designed press (Fujiwara Co., Tokyo, Japan). 8) A piece of agar covered with spores was then placed on these injured spots.
21) The disease severity was evaluated as the lesion size that developed from the spots on the leaves seven and fourteen days after inoculation according to the previously described method. 22) Four independent experiments were performed using eight to twenty separate clones (except for line A3, because only one viable clone was generated). To analyze the phytoalexin accumulation and expression of the PR gene, T 1 seedlings (30 days after sowing) were sprayed with a conidial suspension (2 Â 10 6 conidia/ml containing a 0.05% Tween 20 solution) of a virulent race (007) or an avirulent race (031, MAFF305494) of the fungus. After the inoculation, the seedlings were kept in a moist chamber at 25 C for 36 h in the dark, before being transferred to a greenhouse at [25] [26] [27] [28] [29] [30] C. For inoculation with the bacterial blight, the T7174R bacterium, a spontaneous rifampicin-resistant mutant from virulent strain T7174 (race 1), was suspended in water at 10 8 cells/ml. The leaves were then inoculated with the bacterium by the scissors-dip method. 23) Fourteen days after inoculation, the leaves were photographed, and the lesion length was measured on 8 leaves per plant line from two independent inoculations. The leaves were then ground, suspended in sterilized water, plated on a peptone-sucrose medium containing 20 mg/ml of rifampicin, and incubated at 30 C for three days, the number of colony-forming units then being counted as previously described. 24) Quantification of phytoalexin. Momilactone A was quantified by an LC-mass-mass analysis as previously described. 25) Quantification of the H 2 O 2 accumulation. Suspension cultures of OsSBP-transformed and wild-type cells were grown in 20 ml of an R2S liquid medium on a rotary shaker at 30 C. Briefly, 0.4 g of cells were transferred into 2 ml of the R2S liquid medium and incubated for 2 h at 30 C. At different times after adding 1 M calyculin A (Wako, Osaka, Japan), aliquots were transferred to test tubes containing a mixture of 1 ml of xylenol orange buffer (0.25 mM FeSO 4 , 0.25 mM (NH 4 ) 2 SO 4 , 25 mM H 2 SO 4 , 12.5 M xylenol orange and 10 mM sorbitol) at room temperature, left for 2 h, and the OD 560 value was measured. Diphenylene iodonium (DPI, 10 M; SigmaAldrich Co., St. Louis, Mo, USA), an inhibitor of NADPH oxidase, was added 30 min before the treatment with calyculin A.
Enzymatic assay. The catalase and cytosolic ascorbate peroxidase enzymatic activities were measured as previously described. 26) Suspension cultured cells (0.2 g approximately) were ground to a fine powder in liquid N 2 and then homogenized in 1 ml of an extraction buffer with a pestle and mortar. The homogenate was centrifuged for 15 min at 15,000 rpm and 4 C, and the resulting supernatant was subjected to the enzymatic assay.
Results and Discussion
Molecular analysis of transgenic rice The OsSBP gene was present as a single copy in the rice genome. 17) For functional analyses, we generated transformed lines that either constitutively overexpressed OsSBP or with down-regulated OsSBP expression (Figs. 1A and 1B) . Nine independent transformants overexpressing OsSBP and four independent transformants with down-regulated OsSBP expresion were obtained by Agrobacterium-mediated transformation. The southern blot analysis showed that a transgene-specific 2.0-kb XbaI fragment was present in the genomic DNA of all transformants (Fig. 1C) .
Expression of the OsSBP gene in the transformants was analyzed by northern blotting. The expression level of OsSBP mRNA in the OsSBP-overexpressing strains varied markedly among the transformants (Fig. 1D) ; lines 1, 15 and 16 each showed a high level of OsSBP transcripts. In a previous study, since the level of OsSBP transcripts in wild-type leaves was very low, 17) a strandspecific riboprobe was used to detect OsSBP transcripts in the antisense lines. As shown in Fig. 1E , all of the antisense transformants showed a reduced level of transcripts compared to the wild-type plants. We therefore used lines 1 and 15 as representatives of the OsSBPoverexpressing plants (named SBP-S1 and SBP-S15 respectively), and A3 and A10 as transformants with down-regulated OsSBP expression (named SBP-A3 and A10) for further analyses. All the transformants exhibited a normal phenotype in their growth and development under laboratory conditions.
Evaluation of the disease resistance to blast fungus
The reaction of the transgenic T 0 plants to rice blast was evaluated by inoculating leaves with a virulent strain of the rice blast fungus. As shown in Figs. 2A and 2B, SBP-S1 and SBP-S15 exhibited delayed disease symptoms after being infected with rice blast. In contrast, SBP-A3 and SBP-A10 showed symptoms slightly more severe than those of the control plants. The disease severity in SBP-S1 and SBP-S15 was about half that in the wild-type controls (Fig. 2B) . We confirmed the inheritance of this enhanced resistance to rice blast by the next generation (data not shown).
These results indicate that the rice plants overexpressing OsSBP had acquired enhanced resistance to a virulent strain of the rice blast fungus.
Phytoalexin accumulation in the OsSBP tranformants Next, to examine whether the phytoalexin production was different in the OsSBP transformants, we analyzed the endogenous level of momilactone A, a major phytoalexin of rice that has an inhibitory effect on the growth of the blast fungus. 27) As shown in Fig. 3 , we were able to detect little accumulation of momilactone A in any of the transformants and the wild-type plants before infection. The wild-type samples accumulated momilactone A slightly after being inoculated with the rice blast. The level of momilactone A in the leaves of SBP-S1 and SBP-S15 after infection was higher by approximately 20-to 25-fold over that seen in the wildtype plants. Conversely, SBP-A10 showed a similar level of momilactone A accumulation to that in the wildtype control. Reports indicate that 5 g/ml of momilactone A resulted in 50% inhibition of rice blast fungus germ tube growth. 27) Therefore, the observed concentrations of momilactone A, 11:2 AE 3:6 g/ml (mean AE S.D.) for SBP-S1 and 13:8 AE 4:8 g/ml for SBP-S15, should inhibit the germ tube elongation of rice blast.
PR gene expression in the OsSBP overexpressing plants
To test whether the expression of PR genes was different in the OsSBP transformants, we monitored the temporal expression of the two PR genes, PBZ1 and PR1, 2, 11, 28, 29) by northern blotting after infection. RNA was isolated from the rice leaves that had been infected with either the avirulent or virulent strain of rice blast. In the wild-type control plants, the induction of both PBZ1 and PR1 expression was detected within 48 h after infection with an avirulent fungus and within 72 h for the virulent organism (Fig. 4) . In SBP-S1 and SBP-S15, the induction of both PBZ1 and PR1 expression was accelerated by 24 h for the avirulent fungus and by 24-48 h for the virulent strain in comparison with the wildtype. OsSBP gene expression was induced transiently 48 h after avirulent infection in the wild type. However, Fig. 3 . Effects of the Rice Blast Fungus Infection on Phytoalexin Production in the OsSBP Transgenic Plants. Momilactone A was extracted from the leaves of the wild-type or OsSBP transgenic plants (T 1 ) at day 0 and 7 days after infection (d.a.i) with a virulent strain of rice blast fungus after inoculation by spraying. The error bars indicate the standard deviation of six leaves from two independent experiments. WT, wild-type; S1 and S15, independent transgenic rice plants with OsSBP; A10, transgenic rice plant with antisense OsSBP; The accumulation of momilactone A in WT and A10 on day 0 after infection was not detectable. Total RNA was extracted from the leaves of the wild-type or OsSBP transgenic plants (T 1 ) at each time point after infection with an avirulent (031) or a virulent race (007) of rice blast fungus that had been inoculated by spraying. Ten micrograms of total RNA was loaded per lane. WT, wild-type; S1 and S15, independent transgenic rice plants expressing OsSBP.
Fig. 2. Blast Disease Resistance of the OsSBP Transgenic Rice
Plants.
(A) Typical lesions on the leaves of wild-type and transgenic plants (T 0 ) that had been inoculated after punch injury with a virulent strain of fungal spores (race 007) 14 days after the inoculation. (B) Disease severity as inferred from the mean lesion size on punch-injured leaves in wild-type and transgenic plants (T 0 ) after inoculating the fungal spores. Lesion sizes were measured 7 days (white bars) and 14 days (black bars) after inoculation. The error bars indicate the standard deviation of eight to twenty measurements from four independent inoculations, except for A3 (three leaves were inoculated because only one clone was viable). WT, wild-type; S1 and S15, independent transgenic rice plants with sense OsSBP; A3 and A10, independent transgenic rice plants with antisense OsSBP.
no change was seen in OsSBP expression up to 72 h after infection with the virulent blast. These results suggest that the virulent fungus might have suppressed OsSBP gene expression, and that OsSBP may be involved in modulating the PR gene expression. Therefore, the earlier expression of PR genes in the overexpressing plants may have conferred enhanced resistance to the virulent strain of rice blast fungus. In SBP-S1 and SBP-S15, the transient increase of OsSBP gene transcripts was observed 24 h after avirulent infection, in addition to the high level of transcripts by OsSBP overexpression. The reaseon for this phenomenon remains to be studied.
Analysis of H 2 O 2 production in response to calyculin A Recent studies have reported that reactive oxygen intermediates (ROI) played a central role in the defense of plants against pathogen attack. During this response, ROI are produced by plasma membrane-associated NADPH oxidase. Once produced, ROI are thought to diffuse into the cells and, together with SA, activate many of the plant defenses, including the induction of PR gene expression and phytoalexin production. [30] [31] [32] [33] [34] [35] ROI production is induced by protein phosphatase inhibitors without an elicitor or pathogen. 36, 37) Calyculin A, an inhibitor of protein phosphatase 1, is effective for inducing ROI in cell suspension cultures of rice. 38) To gain insight into the possible biochemical changes associated with OsSBP, we generated suspension cell cultures from the OsSBP-overexpressing plants, and examined the effect of calyculin A on the H 2 O 2 production. As shown in Fig. 5A , the wild-type suspension cells produced H 2 O 2 after the treatment with calyculin A. After cultured suspension cells of SBP-S1 and SBP-S15 had been treated with calyculin A, the level of H 2 O 2 production in each was significantly higher than that in the controls from 2 h to 4 h after the treatment.
ROI production by NADPH oxidase is inhibited by protein kinase inhibitors. 31, 39, 40) Therefore, to examine whether the observed H 2 O 2 production from cultured rice cells by the calyculin A treatment was derived from NADPH oxidase, we examined the effects of DPI, a potential NADPH oxidase inhibitor, on H 2 O 2 production. As shown in Fig. 5B , H 2 O 2 production was inhibited by DPI in both the transformants and wildtype cells.
During infection, the enzymatic activities of cytosolic ascorbate peroxidase (APX) and catalase (CAT), the major ROI-scavenging enzymes, 41) are suppressed by the plant hormones, SA and NO. 42) Thus, the plant simultaneously produces more ROIs and diminishes its own capacity to scavenge H 2 O 2 , resulting in the overaccumulation of ROIs, the activation of programmed cell death (PCD) and a subsequent defense response. To examine whether enhanced H 2 O 2 accumulation in the OsSBP-overexpressing cell lines was caused by re- duced-scavenging enzymatic activity, we measured the activities of CAT and APX in suspension cell cultures of SBP-S1 and SBP-S15. As shown in Figs. 5C and 5D, the activities of these two enzymes in the wild-type cells were significantly increased by the treatment with calyculin A. In contrast, the enzymatic activities in the OsSBP-overexpressing cell lines were unchanged by the calyculin A treatment. The increased activities of APX and CAT in the wild-type cells after the treatment with calyculin A might have been to scavenge the increased amount of ROIs to the normal-state level. Conversely, the suppression of these two enzyme activities in the OsSBP overexpressors might have been the same as that in plants during the defense response. These results suggest that OsSBP was involved in the accumulation of ROI produced by NADPH oxidase in the cultured rice cells, and that the observed enhanced H 2 O 2 accumulation in the OsSBP-overexpressing cell lines was due to decreased scavenging enzymatic activities.
Evaluation of the disease resistance to bacterial blight
To examine whether OsSBP has a general role in rice disease resistance, SBP-S1 and SBP-S15 were inoculated with a virulent strain of bacterial blight. A lesion length analysis demonstrated that the OsSBP transformants were more resistant to bacterial blight than the wild-type plants (Figs. 6A and 6B) . The bacterial growth rates of the OsSBP overexpressors were significantly lower than that of the wild-type plants (Fig. 6C) .
Possible role of OsSBP in the rice defense response Our observations indicate that transgenic rice plants constitutively overexpressing OsSBP had enhanced resistance to rice blast and bacterial blight. Taken together, this suggests that OsSBP could have a general role in rice disease resistance. The results of this study show that PR gene expression and pytoalexin accumulation were accelerated in the OsSBP overexpressors. This result is consistent with the observed enhancement of H 2 O 2 accumulation in the OsSBP overexpressing cell lines after being treated with calyculin A. OsSBP might have enhanced the accumulation of NADPH oxidaseproduced H 2 O 2 by down-regulating the cells' H 2 O 2 scavenging activities. In conclusion, we propose OsSBP as a new defense-related gene in rice, and that this protein is potentially useful for further understanding plant disease resistance and the production of a wide variety of disease-resistant crops. (A) Typical lesions on the leaves of wild-type and transgenic plants (T 0 ) inoculated with the virulent bacterial blight strain, T7174R, a spontaneous, rifampicin-resistant mutant from T7174 (race 1), 14 days after inoculation by the scissors-dip method. (B) Disease severity was inferred from the mean lesion size on leaves 14 days after the inoculation with bacterial blight strain T7174R in the wild-type and transgenic plants. Error bars represent the standard deviation of eight leaves from two independent inoculations. (C) Growth of bacterial blight strain T7174R in the leaves of untransformed wild-type and transgenic plants 0 and 14 days after inoculation (d.a.i). The leaves were ground, suspended in sterilized water, plated on a peptone-sucrose medium containing 20 mg/ml of rifampicin, and incubated at 30 C for three days. The number of colony-forming units (cfu) was counted. The error bars indicate the standard deviation of six leaves from two independent inoculations. WT, wild type; S1 and S15, independent transgenic rice plants overexpressing OsSBP. 
T7174R of

